Kondo effect in single atom contacts: the importance of the atomic geometry 
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Co single atom junctions on copper surfaces are studied by scanning tunneling microscopy and 
ab-initio calculations. The Kondo temperature of single cobalt atoms on the Cu(lll) surface has 
been measured at various tip-sample distances ranging from tunneling to the point contact regime. 
The experiments show a constant Kondo temperature for a whole range of tip-substrate distances 
consistently with the predicted energy position of the spin-polarized d-levels of Co. This is in 
striking difference to experiments on Co/Cu(100) junctions, where a substantial increase of the 
Kondo temperature has been found. Our calculations reveal that the different behavior of the Co 
adatoms on the two Cu surfaces originates from the interplay between the structural relaxations 
and the electronic properties in the near-contact regime. 

PACS numbers: 68.37.Ef, 73.20.Hb, 73.63.Rt,71.15.Ap 75.75.+a 



C3 



-a 
c 

o 
o 



> 
in 

00 

in 
p 

00 

o 
oo 
o 



X 



The electron transport properties in a circuit, whose 
dimensions are reduced to single atom/molecule contact, 
is dominated by the quantum character of matter [l[ 
and requires a deep understanding of its nanometer scale 
properties. Additionally, the electron transport through 
such a junction is strongly influenced by the coupling of 
the orbitals of the electrodes to the bridging molecule or 
atom 0| . Accessing the correct information of the ge- 
ometrical arrangement of the contact is fundamental to 
the interpretation of the experimental data. This is of- 
ten challenging, despite the continuous progress in under- 
standing the electron trans por t through nanometer scale 
junctions [3j, |4| , |5j, |g, 13, la l2|, [l0( ■ Among other techniques 
such as mechanical controlled break-junction 0, Q, @] or 
electro- migration a junction achieved with the tip 
of a scanning tunneling microscope (STM) on a metal 
surface 0,11, SEH has been proven as a valuable tool to 
target and select the substrate configuration before and 
after the contact is formed. Nonetheless, a general pic- 
ture on the influence of atomistic order on the electron 
conductance at nanometer scale junctions is, at present, 
still missing. 

Co adatoms on copper surfaces constitute an ideal sys- 
tem for studying the electron transport through nanome- 
ter scale junctions. The interplay of the unpaired elec- 
trons of single Co atoms and the free electron states on 
copper surfaces leads to the formation of a narrow elec- 
tronic resonance at the Fermi level known as the Kondo 
resonance. This has been extensively characterized in 
tunneling conditions 
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One main result of 
these studies is the evidence that on different support- 



ing surfaces the width of this resonance coincides with a 
change of the occupation of the d electron levels of the Co 
adatom 14| . This inherently reflects a varied coupling of 
the magnetic impurity to the metal substrate. Indeed, 
a simple model has been suggested to relate the energy 
position of the electron d-levels of the impurity and the 
atomic arrangement in close proximity of the Co adatom 
14 . |l5( ■ Specifically, a narrower Kondo resonance is ob- 
served for Co adatoms on Cu(lll) than on the Cu(lOO) 
surface in agreement with a shift in energy of the d-levels 
i.e with an increase in their occupation from the first to 
the second surface [l4, 15 1. Due to this dependence, the 
width of the Kondo resonance is then a good reference 
parameter to characterize the influence of the tip at re- 
duced distances. However, it is a priori not evident if the 
width of the Kondo resonance will follow a trend similar 
to the one observed in tunneling configuration on vari- 
ous surfaces also when the tip is approached to the point 
contact configuration. 

In order to address this question we measured the 
current- voltage characteristics at different tip-sample dis- 
tances ranging from tunneling to point contact on in- 
dividual Co adatoms on a Cu(lll) surface. As will be 
shown in the following, the width of the Kondo resonance 
is practically constant on this surface at all tip-substrate 
distances in an apparent contradiction with the previ- 
ously reported results on Cu(lOO) 0. 

Based on ab-initio theoretical calculations aimed to de- 
termine the electronic and magnetic properties of these 
two systems, we will show that the opposing results ob- 



2 



served on the two copper surfaces are not contradicting 
but demonstrate nicely the determining influence of the 
local atomic structure on the transport properties of a 
nanoscale junction. 

The experiments were performed using a home built 
scanning tunneling microscope operated at 6K in ul- 
tra high vacuum (UHV) with a base pressure of 
l*10 -11 mbar. The Cu(lll) single crystal has been 
cleaned in UHV by cycles of Ar ion sputtering and an- 
nealing. Co single atoms have been deposited from a 
thoroughly degassed Co wire wound around a tungsten 
filament on the Cu surface at 20K. This resulted in a cov- 
erage of about 10~ 3 ML of isolated immobile Co adatoms. 
The STM tip, chemically etched from tungsten wire, was 
treated in vacuo by electron field emission and soft in- 
dentation into the copper surface. This assured a spec- 
troscopically featureless tip near the Fermi energy. Given 
this preparation, the tip was most likely covered by cop- 
per atoms deriving from the substrate. 

The inset in figure [T] shows the conductance of a sin- 
gle Co adatom at various tip-substrate displacements. 
This has been achieved by recording the current while 
approaching the tip towards the atom, in open feedback 
loop conditions. As the tip substrate distance is reduced 
the current increases smoothly from the tunneling to the 
point contact regime following the exponential depen- 
dence with the tip-substrate distance (z) characteristic 
of the electron tunneling process I(z)=I exp(-Az) (where 
A is proportional to the work function of tip and sub- 
strate). Fitting the experimental curve, we obtained a 
work function for the Co/Cu(lll) system of 5 eV. As 
the point contact regime is reached the current is found 
to exhibit a characteristic quantization plateau with only 
a weak dependence on the distance. The plateau is ob- 
served to be IGo where Go is the conductance quantum 
Go=2e 2 /h (h is Planck constant) in agreement with stud- 
ies on Co/Cu(100)Q. Topographic images acquired be- 
fore and after the tip was approached and retracted from 
the point contact configuration confirm that the contact 
region as well as the tip have not changed during the tip 
displacements. 

Information on the Kondo resonance have been ob- 
tained recording the dl/dV spectra on top of the Co 
adatom at various tip-substrate displacements. In figure 
[U we report the spectra obtained at the tip-substrate 
separation indicated by the circles in the inset. The cur- 
rent versus voltage is measured with a lock-in amplifier 
applying a voltage modulation in the range of 1 to O.lmV 
(rms) . All the curves obtained in the range from the ini- 
tial tunneling (AZ=-2A) to the point contact (AZ=0.2A) 
condition show a characteristic dip in the local density 
of states at an energy close to the Fermi level. This dip, 
which is due to the Kondo resonance can be character- 
ized according to its width AE, which is proportional to 
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FIG. 1: (color on line) Conductance and dl/dV spectra for 
isolated Co atoms on a Cu(lll) surface achieved at different 
tip-substrate distances AZ from tunneling to point contact. 
In inset a representative current vs tip-displacement is shown. 
dl/dV spectra have been recorded at the position indicated 
by a circle in the inset. The curves are normalized to the 
tunneling current at the tip height location and vertical offset 
has been added for a better visualization. The Kondo tem- 
perature Tk given on the right side of the image has been 
obtained fitting the curves with a Fano line shape (red line). 
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ature can be extracted from these curves by fitting the 
experimental spectra with a Fano line function according 
to dI/dVcx(q+e) 2 /(l+e 2 ), with e=(eV-e K )/k B T K where 
q and €k define the asymmetry of the curve and the en- 
ergy position of the resonance with respect to the Fermi 
energy [Ll\ . The fitted Kondo temperature Tk is re- 
ported in figure [T] for each sampled tip position. As can 
be seen, the Kondo temperature for the Co on Cu(lll) 
system is constant, within the experimental error, from 
the tunneling to the point contact regime. 

The observed behavior of the Kondo temperature on 
the Cu(lll) surface contrasts with the behavior previ- 
ously reported for the Co/Cu(100) system, where a con- 
siderable increase of the Kondo temperature 1 (from 70- 
90K in tunneling to 150K in point contact) was observed 
Q. As will be shown below this difference can be as- 
cribed to the sensitivity of the Kondo effect to the local 
atomic geometry. 

To obtain a physical understanding of the structural 
sensitivity, we have modelled at first the atomic relax- 
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ation in the single Co atom junction under the influence 
of the tip proximity and then considered its consequence 
on the electronic structure. Indeed, reducing the tip- 
substrate separation can induce a local perturbation in 
the atomic ordering at the junction which can affect the 
coupling between the orbitals of the electrodes and of the 
Co atom and consequently the electronic and the mag- 
netic properties of the system. To simulate the nanoscale- 
junction on the atomic scale, we have performed molecule 
static (MS) calculations with many-body interatomic po- 
tentials [18[ . In these simulations the tip has been repre- 
sented as a pyramid consisting of 10 Cu atoms arranged 
in fcc(lll) stacking. Figure [2]shows the variation of the 
tip-adatom and the adatom-substratc separations during 
the tip displacement (panel a and b, respectively). On a 
first glance one can see that beside an initial region, the 
tip- Co atom as well as the Co atom-substrate distances 
are not linearly proportional to the tip displacement. As 
the tip-substrate distance is reduced, the atomic order at 
the junction relaxes: the atoms of the tip, the Co impu- 
rity as well as the atoms of the substrate move to new 
equilibrium positions. The real tip-substrate distance is 
then a dynamic variable according to the specific location 
of the tip and to its attractive and repulsive interaction 
with the surface and the impurity. Specifically, up to 
the minimum distance of 5. 3 A, the tip-Co atom distance 
is almost linear with the tip displacement. Approach- 
ing further, the distance between the opposite sides of 
the nanometer scale junction is reduced to a larger ex- 
tend than the effectively applied tip displacement due to 
an attractive interaction (up to 4.7A). Reducing the tip- 
substrate distance below 4.7A, the interaction becomes 
repulsive. At this tip proximity, the adatom-substrate 
distance, defined as the vertical distance between the 
Co adatom and its first nearest neighbor, is strongly re- 
duced while the distance between the tip and adatom is 
only slightly decreased. This implies that the Co adatom 
shifts towards the substrate. As a consequence when the 
point contact configuration is reached, the Co-Cu(lll) 
surface distance compares to the equilibrium distance 
predicted for the tunneling condition (dotted line in panel 
b). 

Figure [2] compares also the atomic relaxation process 
on the two copper surfaces. The general trend of attrac- 
tive and repulsive interaction of tip-atom and surface can 
be observed in both cases. However, differences in the 
atom dynamics under the influence of the tip and in the 
Co-surface distance are obvious. Specifically, under the 
influence of the tip the Co impurity is pushed deeper into 
the Cu(100) surface in point contact configuration than 
it is in tunneling conditions (black dotted line in panel b). 
Therefore, it can be expected that the stronger interac- 
tion with the surface increases on the Cu(100) substrate 
the hybridization of the d-levels of the Co adatom with 
the sp states of the surface. 

This and its consequence on the magnetic properties 
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FIG. 2: Atomic relaxation at the single Co atom junction as 
a function of the tip-substrate displacement. The tip-adatom 
(H) and the adatom-substrate (L) distances for Co adatom 
on Cu(lll) and Cu(100) surface are shown in panel a and 
b, respectively. The dotted lines emphasize the relative Co- 
substrate distance in point contact and in tunneling condi- 
tions. A, B and C indicate the position where the LDOS 
shown in figure 3 have been calculated. 



of the junction at various tip proximity, can be under- 
stood calculating the local density of states (LDOS) of 
the Co adatom. All the calculations were performed 
within the linear combination of atomic orbital (LCAO) 
formalism by means of density functional theory (DFT) 
implemented in SIESTA fl9j|. The geometry was opti- 
mized by SIESTA until all residual forces on each atom 
are smaller than O.OlcV/A dHHH]. 

In figure [3] the d-levels of Co/Cu(lll) is shown for 
different tip-substrate separations (denoted A, B and C 
in figure [2]) with the energies given with respect to the 
Fermi level. It can be seen that only the occupied den- 
sity of states of the Co adatom on Cu(lll) are slightly 
affected by the tip substrate distance. Moreover, the en- 
ergy difference between the center of the occupied spin-up 
band (or majority states) and the center of the partially 
unoccupied spin-down band (or minority states) U for 
three tip-substrate separations are nearly the same. Con- 
sistently, also the magnetic moment of the Co adatom 
at these three tip-substrate separations (1,99/xb, 1.96^b 
and 1,78/is, respectively) arc only slightly affected by 
the tip proximity. On the contrary a large energy shift 
of the d-levels was reported for Co adsorbed on Cu(100) 
surface [1, [l6| . A comparison of the energy position of 
the occupied d-levels is shown in figure [3Jd. On both sur- 
faces the position of the occupied d-levels shifts towards 
higher energies under the influence of the tip proximity. 
On Cu(lll) surface this shift is, however, much smaller. 
On Cu(100) the substantial change in the occupation of 
the d-levels is reflected in the increase of the Kondo tem- 
perature in point contact. Accurate calculations of the 
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FIG. 3: Influence of the tip-proximity on the d-levels of Co 
atoms on Cu(lll). a) Spin polarized LDOS for the d-levels. 
The curves are calculated for tip-substrate displacements as 
denoted in figure [2] b) Energy position of the occupied d- 
levels on Cu(lll) and Cu(100) at different tip-substrate po- 
sitions. The lines connecting the points are a guide to the 
eye. 



expected increase of the Kondo temperature on the these 
surfaces is, however, not straight forward. Nonetheless, 
the theoretical predictions and the experimentally ob- 
served Kondo temperature in point contact regime fol- 
lows the trend described by the model proposed by Wahl 
14| for the tunneling regime. The increase of 
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the occupation of the d-level effects sensibly the Kondo 
temperature on Cu(100) and almost negligibly on the 
Cu(lll) surface. 

In conclusion, the present experimental and theoret- 
ical work demonstrates that the local atomic geometry 
plays a major role in the electron transport properties 
of nanoscale junctions. The tip proximity in the point 
contact regime influences the atomic relaxation in the 
single atom junction and thereby determines the lattice 
equilibrium position. These structural relaxations in- 
duce a modification of the sp-d hybridization between 
the electrode surface and the bridging atom. While on 
the closed packed Cu surface the impurity d-level is less 
affected, it shifts substantially on the open (100) surface. 
This explains the striking difference observed in the be- 
havior of the Kondo temperature of Co adatoms upon 
point contact formation on Cu(lll) and Cu(100). We 
believe that these results have general validity and might 
clarify a few of the uncertainties in the electron trans- 
port through nanometer scale junctions characterized by 
break-junction experiments. 

We acknowledge P. Wahl for fruitful discussions. The 
work was supported by Deutsche Forschungsgemein- 
schaft (DPG SPP 1165, SPP 1243 and SSP 1153) 
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